ABSTRACT: Pulmonary inflammation and parenchymal apoptosis are implicated in the pathogenesis of the acute lung injury, but the mechanisms of these reactions are still unclear. Because inhibition of the proinflammatory cyclo-oxygenase (COX)-2 enzyme action is proposed to be useful in various inflammatory lung injuries, we decided to investigate the expression of COX-2 and the possible beneficial effects of its inhibition on pulmonary inflammation and apoptosis in surfactant-depleted lungs. The injury was induced in 2-mo-old rats by repeated lung lavage to remove alveolar surfactant. Eight of these rats were pretreated with a specific COX-2 inhibitor, NS-398. All rats, including control rats without lung lavage, were ventilated with 60% oxygen for 5 h, and the lungs were then studied histologically for tissue injury and with DNA nick-end labeling, cleaved caspase-3 immunohistochemistry, and electron microscopy for apoptotic cell death. Lung tissue myeloperoxidase activity and the expression of COX-2 protein and concentration of prostaglandin E 2 were additionally analyzed. Lung lavage increased pulmonary neutrophil migration, histologic injury, and the occurrence of epithelial apoptosis. In contrast, expression of COX-2 and amount of PGE 2 were significantly lower in surfactant-depleted lungs than controls. Pretreatment with the COX-2 inhibitor further increased the migration of neutrophils and occurrence of epithelial apoptosis in the surfactant-depleted lungs, compared with nontreated insulted lungs. These results suggest that specific inhibitors of COX-2 should be used cautiously in association with surfactant-deficient lung injuries. 
S
evere acute lung injuries in newborns and adults are often manifested in critical hypoxemia and respiratory failure with high mortality and morbidity. The pathogenetic processes leading to these perturbations are generally associated with necrotic inflammatory destruction and surfactant insufficiency in the lungs, but the mechanisms of the pulmonary damages are complex and still poorly understood (1, 2) . Recently, apoptosis, a noninflammatory type of cell destruction, has also been connected to the pathophysiology of acute lung injuries from various causes (3, 4) . In acute diffuse injury in neonatal and adult lungs, the primary targets of cell death processes are especially the alveolar epithelial cells, including type II pneumocytes (5, 6) . Because normal structure and function of the epithelial barrier is critical for the maintenance of alveolar fluid balance and surfactant synthesis and secretion, inflammatory and apoptotic epithelial cell death may be of significance in acute respiratory disorders of neonates and adults (5, 7) . Although activation of pulmonary inflammatory cells and release of various cytokines are proposed to promote inflammation and also apoptosis in the lungs, the mediating mechanisms and interplay of these processes in the development of lung injury have thus far remained unclear.
Prostanoids have been implicated as important mediators of various pathologic processes, including inflammation (8) . The rate-limiting step in prostaglandin biosynthesis is the conversion of arachidonic acid to endoperoxides by cyclooxygenase enzymes, known to exist in two isoforms. The activity of the constitutive cyclooxygenase-1 (COX-1) is usually stable, whereas cyclooxygenase-2 (COX-2) activity can be stimulated by various endogenous or exogenous proinflammatory substances in a wide variety of cell types (8, 9) . In the lungs, COX-2 is up-regulated in response to pro-inflammatory cytokines and after endotoxin or meconium challenge (10, 11) . Selective expression of COX-2 in stimulated alveolar macrophages results in increased production of prostanoids with various pathophysiological effects in the lung, e.g. edema formation, implying a role for COX-2 in the development of acute inflammatory lung injury (10, 12) . Although inhibition of COX-2 is thus supposed to reduce the inflammatory injury in the lungs, studies with specific COX-2 and unspecific COX inhibitors have produced conflicting results (13) (14) (15) . Recently, COX-2 expression is additionally connected to apoptotic cell death in lung epithelium, especially after neoplastic transformation (13, 14) . There is still, however, scanty information on the role of COX-2 expression in the development of apoptosis associated with acute lung injury. We hypothesized that pulmonary COX-2 expression is increased and may thereby contribute to intensified inflammatory reaction, restricted apoptosis, and sustained epithelial damage in acutely insulted lungs, and thus decided to investigate the expression of COX-2 protein and the possible beneficial effects of its specific inhibition in surfactant-depleted rat lungs.
METHODS
Animal preparation. Thirty-nine 2-mo-old male Sprague-Dawley rats (mean weight, 320 g; SD 150 g) were anesthetized with a mixture of fentanyl-fluanisone (0.4 mL/kg, Hypnorm, Janssen Pharmaceutica, Antwerp, Belgium) and midazolam (0.4 mL/kg, Dormicum, Roche, Espoo, Finland) intraperitoneally, intubated through tracheostomy, and ventilated with a pressure-controlled respirator (Baby-Bird, Bird Corp., Palm Springs, CA) (frequency, 30/min; peak inspiratory pressure, 25 cmH 2 O; end-expiratory pressure, 5 cmH 2 O). Anesthesia was maintained by continuous intraperitoneal infusion of Hypnorm (0.2 mg/h). The experiments were approved by the Committee of Animal Care in Research of the University of Turku.
Lung injury. Alveolar surfactant was removed by three repeated lavages of the lungs with 6 mL of sterile saline through the endotracheal tube in 16 rats. All these animals were ventilated with 60% oxygen for 5 h. Eight rats with no lung insult were similarly ventilated with 60% oxygen for 5 h and served as controls. In addition, to investigate the possible pulmonary effects of inspired 60% oxygen, eight rats with no intratracheal instillation were ventilated with room air for 5 h. At the end of the experiment, a blood sample was taken by a direct puncture of the left cardiac ventricle for blood gas analysis and the animals were then euthanized. After thoracotomy, the lungs were perfused with 10 mL of saline through a pulmonary artery catheter, and lung tissue samples were obtained for the measurement of the wet/dry weight ratio as well as histologic and biochemical analysis.
COX-2 inhibition. A separate group of rats with lavaged lungs received an intraperitoneal injection (1 mL) of a specific COX-2 inhibitor NS-398 (Sigma Chemical Co., St. Louis, MO; 2 mg/mL; 3 mg/kg, n ϭ 8) diluted in DMSO 30 min before the insult. At this dose, NS-398 has been previously shown to be COX-2 selective (16). The possible pulmonary effects of the intraperitoneally administered vehicle of NS-398 (DMSO) were tested in three of the control rats, but no lung alterations were found (data not shown). Likewise, an additional group of four nonlavaged rats ventilated with 60% oxygen received 1 mL of NS-398 intraperitoneally. All the rats were ventilated for 5 h and treated as above, and the lungs were similarly studied at the end of the study.
Histologic examination. Pulmonary tissue samples from the right lower lobe were fixed in 10% buffered formalin, embedded in paraffin, and stained with hematoxylin and eosin for the determination of the severity of lung injury. Samples were assessed by a pathologist blinded to the grouping of the rats. A score from 0 to 4 represented the percentile of affected area of the lung section (0 ϭ 0%; 1 ϭ 1-25%; 2 ϭ 26 -50%; 3 ϭ 51-75%; 4 ϭ 76 -100%) and was assigned for three different characteristics: 1) extension of pulmonary leukocyte infiltration, 2) amount of intraalveolar leukocytes, and 3) amount of exudative debris and edema fluid. The calculated total injury score represents the sum of these scores (17, 18) .
Myeloperoxidase activity. As a measure of pulmonary neutrophil influx, tissue specimens of the lungs were initially frozen and later measured for myeloperoxidase (MPO) activity. After homogenization of the tissue, MPO activity was assayed spectrophotometrically using a method in which the enzyme catalyses the oxidation of 3,3=, 5,5=-tetramethylbenzidine by H 2 O 2 to yield a blue chromogen with a maximum wavelength of 655 nm (17) (18) (19) . The results were related to the wet/dry ratio and expressed as units per milligram of protein.
Western blot analysis of COX-2. Frozen lung samples were gently homogenized in protein extraction buffer [5.0 ml 0.3 M Tris-HCL, pH 8; 870 l 10 mg/ml phenylmethyl sulfonyl fluoride (PMSF); and 5.0 ml 10% sodium dodecyl (lauryl) sulphate (SDS)]. After removal of the cell debris by centrifugation, protein homogenate was added to SDS-PAGE loading buffer and heated for 5 min at 97°C. Samples were then run on a 10% SDSpolyacrylamide gels. Western blotting was performed according to the ECL Western blotting protocol (Amersham Life Sciences, Little Chalfont, Buckinghamshire, UK). COX-2 was detected with a rabbit anti-murine polyclonal antibody (Cayman Chemical, Ann Arbor, MI), diluted at 1:2000. The antibody identified the COX-2 (ϳ72 kD). Binding of primary antibody was detected with horseradish peroxidase-conjugated goat anti-rabbit immunoglobulins (diluted at 1:5000). Identity of the expressed proteins was determined by the expected size of the product on the membranes. The data of the COX-2 was normalized against the housekeeping protein ␤-actin (Sigma Chemical Co.).
Prostaglandin E 2 enzyme immunoassay (EIA). As an indicator of COX-2 activation, the amount of the catalyzed end-product bicycle-prostaglandin E 2 was analyzed with enzyme immunoassay. Briefly, frozen lung sections from the right upper lobe were homogenized in EIA buffer (Cayman Chemical). After removal of the cell debris by centrifugation, concentration of the protein homogenate was analyzed spectrophotometrically in Bradford solution. Samples were then diluted 1:10 or 1:20 in EIA Buffer and analyzed with Bicyclo-prostaglandin E 2 enzyme immunoassay kit (Cayman Chemical) according to the manufacturer's recommendations. Absorbance reading was finally normalized with the total protein concentration of the samples.
In situ detection of apoptotic cells (TUNEL).
Terminal transferase mediated DNA nick end-labeling assay was performed in paraffin wax sections, as described earlier (17, 18, 20) . Lymphocytes undergoing apoptosis in the lymph nodes served as a positive control. Apoptotic cells were counted in lung sections stained with the antidigoxigenin antibody. A distinct color reaction within the cells was regarded to represent apoptotic DNA fragmentation. The results are expressed as the number of positive cells per mm 2 of tissue section area in at least 10 fields of view of a ϫ10 objective lens. The in situ detection of free DNA 3= ends is a well-established method in the detection of apoptotic cellular changes in pneumocytes (21) .
Identification of apoptosis in the epithelial cells. To identify the occurrence of apoptosis in the pulmonary epithelium, thin (3 m) consecutive sections of paraffin-embedded lung tissue samples were studied. The first section was pretreated with pepsin and stained with a monoclonal mouse antibody MNF-116 (Dakopatts, Glostrup, Denmark), which recognizes type-II epithelial cells (22, 23) . Briefly, the sections were blocked with Trisbuffered saline (TBS) containing 1 mg/mL BSA (TBS/BSA) for 30 min and incubated with the antibody, diluted 1:10 in TBS, for 30 min. After incubation, the sections were washed three times with TBS and stained with the secondary antibody. The second section was stained with the TUNEL method for the detection of the DNA fragmentation in apoptotic cells, as described above. Apoptosis was identified in the epithelium by comparing the staining of the cells in successive sections.
Cleaved caspase-3 staining. To evaluate the occurrence of proapoptotic caspase-3 in the respiratory tract, separate sections of the lungs were stained with a cleaved caspase-3 antibody (Asp175, Cell Signaling Technology, Beverly, MA). Formalin-fixed paraffin-embedded sections were prepared and processed according to the manufacturer's recommendations with slight modifications. Briefly, deparaffinized sections were pretreated by 0.4% pepsin in HCl (0.01 M) for 1 h at 37°C in a humidified chamber. Endogenous peroxidases were blocked with 0.3% H 2 O 2 for 20 min and the sections were incubated with primary antibody overnight at room temperature. Sections were then washed with TBS and incubated with biotinylated rabbit antimouse Ig (DAKO A/S, Glostrup, Denmark) followed by streptavidin-HRP (Roche Molecular Biochemicals). Sections were finally visualized with diaminobenzidine (DAB) and counterstained with hematoxylin. To evaluate the amount of positive staining, the lung sections were semiquantitatively analyzed in the light microscopy and further positively stained lung areas were compared with TUNEL-positive areas.
Electron microscopy. Small pieces of lung tissue (1 mm 3 ) from the right lower lobe were obtained for ultrastructural analysis of the alveolocapillary injury and apoptotic pulmonary cell death with electron microscopy, as described earlier (24) .
Statistical analysis. The results are expressed as means (SD). One-way ANOVA was used to compare the data in different groups. If the overall ANOVA was significant, comparisons between the groups were made using Tukey's posthoc test. The relationship between the number of apoptotic cells and MPO activity within each case was evaluated using Pearson correlation. A level of p Ͻ 0.05 was considered statistically significant.
RESULTS
Repeated lung lavage resulted in a decrease in arterial PO 2 and base excess, and increase in lung tissue wet/dry ratio, compared with controls, but no hypoxemic values were recorded at the end of the study period ( Table 1) . Ventilation of the control rats with room air produced higher pH and lower arterial PO 2 values, but similar wet/dry ratios than in rats ventilated with 60% oxygen (data not shown). Further, in the lavaged lungs, leukocyte accumulation and the amount of alveolar exudate, and consequently also the histologic injury score, were significantly higher than in controls at 5 h after the insult (Table 2 and Fig. 1) . Still, the MPO activity in the insulted lungs did not differ statistically from the control level ( Table 2) . Ventilation of undamaged lungs with air for 5 h, The number of TUNEL-positive cells, indicating the presence of apoptotic cell death, was increased in the lavaged lungs when compared with controls (Figs. 2 and 3 ). Positive parenchymal cell staining of cleaved caspase-3 in the lavaged lungs further supported this finding (Fig. 4) . Electron microscopic studies (20) and staining of consecutive lung sections with TUNEL (Fig. 5A ) and MNF-116 antibody (Fig. 5B) further demonstrated that apoptotic cell death was mainly located in the respiratory epithelium, including type II pneumocytes. Ventilation of the control lungs with air for 5 h did not affect the TUNEL-positivity [air ventilated: mean 3.59 TUNEL-positive cells/mm 2 (SD 1.78) versus oxygen ventilated: 3.13 (1.80)]. Expression of the lung tissue COX-2 protein was significantly down-regulated in the lavaged lungs compared with control (Fig. 6A) . Similarly, PGE2 production in the insulted lungs was also significantly lowered from the control level (Fig. 6B) .
Pretreatment with the COX-2 antagonist NS-398 did not change the arterial blood gases, wet/dry ratio, histologic injury score, or the number of TUNEL-positive cells from the control level in the oxygen-ventilated, nonlavaged rats (data not shown). However, NS-398 pretreatment resulted in higher arterial pH and base excess than after lavage without any pretreatment, but did not significantly affect arterial PO 2 , PCO 2 , or tissue wet/dry ratio in the lavaged lungs (Table 1) . On the other hand, NS-398 pretreatment significantly increased the leukocyte accumulation and histologic injury score in the lavaged lungs compared with nontreated injured lungs ( Table  2) . Similarly, NS-398 administration also resulted in significantly elevated lung tissue MPO activity from the control level ( Table 2 ). The pulmonary leukocyte accumulation was also confirmed with Leder-staining (Fig. 1) . Furthermore, the number of TUNEL-positive pulmonary epithelial cells was significantly elevated in the NS-398-pretreated lavaged lungs compared with nontreated damaged lungs (Figs. 2 and 3) . Expression of COX-2 protein was decreased in pretreated surfactant-depleted lungs compared with controls (Fig. 6A) , but did not significantly differ from the nontreated, surfactantdepleted lungs. Similarly, the already decreased production of PGE 2 in the lavaged lungs did not significantly change after NS-398 pretreatment (Fig. 6B) .
DISCUSSION
COX-2 is an early response gene that is up-regulated and suggested to promote acute inflammatory processes in various insulted organs, including the lungs (25, 26) . Consequently, there is a bulk of data indicating that selective inhibition of COX-2 expression should be the main target for the treatment of inflammatory diseases (9, 27) . By contrast, we show here evidence that COX-2 is not up-regulated in acute lung injury accompanied by surfactant deficiency and that selective blockade of COX-2 enzyme rather enhances leukocyte accumulation and tissue injury, as well as pneumocyte apoptosis than reduces the damage in the surfactant-depleted lungs. Although these data are in line with earlier studies on neoplastic lung tissues (13, 14) and cardiac injury models (28), we cannot totally exclude some influence of COX-1 activity on our results, especially because both COX-1 and COX-2 isoforms are expressed in normal rat lung (29) . Therefore, even though NS-398 at a dose used in the present study is shown to be a selective inhibitor of COX-2 (16), our results clearly demonstrate that further careful evaluation of the importance of COX-2 expression in acute lung injury is warranted.
Various forms of acute inflammatory lung injuries, like ischemia/reperfusion, acid aspiration, and endotoxin or meconium challenge, are associated with pulmonary overexpression of COX-2 (29 -31) . This COX-2 up-regulation, apparently induced by proinflammatory cytokines, with the consequent pulmonary release of prostaglandins and accumulation of polymorphonuclear leukocytes together with edema formation becomes evident within a few hours after the injury (31) . Still, the definitive pathogenetic role of these pulmonary responses in the development of inflammatory lung injury has Table 1 
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remained thus far unsolved, especially since COX-2 may also have antiinflammatory and organ injury-limiting properties (31) (32) (33) . PGE 2 , produced through COX-2 activity and commonly considered as a potent proinflammatory mediator (12) , also has significant inflammation-limiting and antifibrotic functions in the lungs (34) . In fact, this prostaglandin may diminish the release of inflammatory cytokines in vitro and in vivo and also inhibit neutrophil functions, including chemotaxis and oxygen radical production (8, 12) . In the surfactantdepleted lungs in the present study, COX-2 activity was down-regulated together with diminished production of PGE 2 , which may thus, at least in part, explain the augmented inflammatory injury in our injury model. Because PGE 2 is the predominant cyclooxygenase metabolite of arachidonic acid in the alveolar epithelial cells, damage to the epithelium may result in diminished COX activity and synthesis of PGE 2 , and thereby in loss of capacity to limit inflammation and ultimately even lead to fibrotic changes (34) . Due to the complex pathophysiological role of COX-2 in the insulted lungs, however, the mechanisms and functional significance of reduced COX-2 expression in inflammatory lung disorders associated with surfactant deficiency still remains uncertain. Whereas the primary observed lesions in surfactantdeficient lungs are proposed to be inflammatory necrotic changes in the respiratory epithelium (35) , our present experimental data indicate that the alveolar exudative damage is accompanied by marked pneumocyte apoptosis in the pulmonary tissue. This finding is in line with our recent similar observation in the lungs of newborn infants with fatal respiratory distress syndrome and also meconium-induced injury in the rat lungs (17, 18) . The quantitative analysis of apoptotic cell death in our present study was made with the DNA TUNEL method. Although the TUNEL assay supposedly labels not only apoptotic cells but also random DNA strand breaks in necrotic cells, positive TUNEL staining in our investigation was absent in cells displaying swelling of the cytoplasm, a feature of necrotic cell death. The appearance of apoptotic cells was further confirmed by morphologic studies, and further, lung areas with positive TUNEL-staining were also positively stained with cleaved caspase-3 immunohistochemistry, shown to be a sensitive method for detection of apoptosis (36) . Finally, there are recent data that strongly support the specificity of the TUNEL method in detection of apoptosis in the lungs, induced by a variety of stimuli (21). (4), but the pathogenetic significance of these mechanisms in the development of apoptosis in acute lung injuries still remains to be solved. COX-2 expression is recently connected with apoptotic cell death as a part of tumor development in the lungs (13, 14) . In fact, increasing evidence suggest that COX-2 overexpression in neoplastic cells suppresses cellular apoptosis and thereby promotes tumorigenesis in the lungs (37) . By contrast, COX-2 up-regulation in cardiac myocytes after an acute insult may induce apoptotic cell death, which is considered as a protective mechanism against further injury (25, 26) . The corresponding association of COX-2 expression and parenchymal apoptosis in acute lung injuries is, however, still poorly known. In surfactant-depleted lungs, COX-2 was down-regulated and appeared to be associated with increased epithelial apoptosis, especially because COX-2 blockade further aggravated this cell destruction process. It may be thus speculated that, in the normal rat lungs, COX-2 activity has a protective function, which is abolished after surfactant depletion, but this remains to be proven.
In the present study, inhibition of COX-2 expression with a specific inhibitor, NS-398, did not reduce pulmonary edema formation or neutrophil infiltration, but rather aggravated the inflammatory and apoptotic lung injury in the surfactantdeficient lungs. The minor improving effect of this treatment on the systemic acid-base status after lung injury remains, however, unclear. In contrast to our results, lung cytokine and chemokine production and neutrophil migration were not affected by NS-398 pretreatment in endotoxemic mice (15) . On the other hand, whereas NS-398 administration in murine pleurisy and acid aspiration models induced an early significant decrease in inflammatory parameters and PGE 2 production, the selective COX-2 inhibition resulted in intensified inflammation at a later time point, similar to our results (16) . Similarly, our data are in line with earlier studies of cardiac injury, where specific inhibition of COX-2 similarly aggravated tissue injury and apoptosis (28, 38) . Based on the present data, the mechanisms of the detrimental effect of COX-2 inhibition on pulmonary inflammatory and apoptotic injury remain unclear, and, despite having no effect in control lungs, we cannot totally exclude some nonspecific effects of the drug in lavaged lungs. There are indeed in vivo data in humans indicating that COX inhibitors may augment release of cytokines, like the proinflammatory and proapoptotic TNF-␣ and the potent chemokine IL-8 (39) . There are also data indicating that COX-2 inhibitors may induce apoptosis independent of the COX-2 enzyme (37). Thus, although specific COX-2 inhibitors may be beneficial in acute inflammatory events, our present data suggest that they may, in fact, be deleterious in lung disorders associated with surfactant deficiency. Further investigations on the factual effects of specific COX-2 blockers on the surfactant-deficient lungs in newborns and adults are clearly needed.
In conclusion, COX-2 expression and activity are decreased in surfactant-depleted lungs and its blockade with a specific inhibitor does not reduce the pulmonary damage but, in contrast aggravates leukocyte migration and epithelial apoptosis in the insulted lungs. Thus, caution in the administration of specific COX-2 inhibitors in diseases associated with surfactant-deficient lung injuries is warranted. 
